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SUBJECT: Lunar Coordina te  Systems 

Case 340 
FROM: D. D.  Lloyd 

TM-67-1012-10 

TECHNICAL MEMORANDUM 

INTRODUCTION 

When a s p a c e c r a f t ,  t h e  CSM, t h e  LM, o r  t h e  Lunar 
O r b i t e r ,  i s  o r b i t i n g  around t h e  moon, i t  i s  t r a c k e d  by t h e  
Manned S p a c e f l i g h t  Net (MSN)  o r  t h e  Deep Space Net (DSN) 
t r a c k i n g  s t a t i o n s  and i t s  v e l o c i t y  i s  measured r e l a t i v e  to 
t h e  e a r t h .  The t r a c k i n g  da ta  i s  d e r i v e d  from MSN o r  DSN 
s t a t i o n s  whose p o s i t i o n  i s  t i e d  t o  t h e  NASA g e o d e t i c  n e t .  
The s p a t i a l  o r i e n t a t i o n  of t h e  t r a c k i n g  d a t a  i s  ob ta ined  
i n i t i a l l y  i n  t h e  g e o c e n t r i c  i n e r t i a l  r e f e r e n c e  frame. The 
t r a c k i n g  d a t a  i s  p rocessed ;  d u r i n g  t h e  p r o c e s s i n g  i t  i s  f i t t e d  
t o  a c e n t e r  of mass of t h e  moon, a s  d e r i v e d  ad hoc from t h i s  
d a t a .  The p o s i t i o n  of t h e  v e h i c l e  i s  t h u s  expressed  i n  a 
l u n a r  c e n t e r e d  i n e r t i a l  coo rd ina te  system. 

I f ,  however, t h e  moon's s u r f a c e  i s  examined by a 
t e l e s c o p e ,  t h e  p o s i t i o n s  of p o i n t s  on t h e  moon's s u r f a c e  a r e  
d e f i n e d  by o t h e r  means. The o p t i c a l  d a t a  i s  f i t t e d  t o  some 
appa ren t  c e n t e r  of t h e  moon and mean sub-ea r th  po in t*  d e r i v e d  
from t h a t  o p t i c a l  d a t a . .  Normally t h e  d a t a  i s  expressed  i n  a 
l u n a r  f i x e d  c o o r d i n a t e  system which i s  r e l a t e d  t o  the  i n e r -  
t i a l  system by l u n a r  ephemeris d a t a  which has  h i s t o r i c a l l y  
been ob ta ined  by t e l e s c o p i c  data .  A l l  c a r t o g r a p h i c  c o o r d i n a t e  
systems p r i o r  t o  t h e  r e c e i p t  o f  Lunar O r b i t e r  photographs were 
based s o l e l y  upon ear th-based  t e l e s c o p i c  d a t a .  

The d i f f e r e n c e s  between t h e  two systems a r e  important  
because  s u r f a c e  f e a t u r e  l o c a t i o n s  a r e  recorded  i n  a c a r t o g r a p h i c  
system whi l e  t he  Apollo program u s e s  t r a c k i n g  d a t a  a s  i t s  
pr ime source  of  s p a c e c r a f t  n a v i g a t i o n  d a t a .  The re fo re ,  i t  i s  
impor tan t  t o  unders tand  t h a t  t h e s e  two systems a r e  based upon 
d i s t i n c t  t echn iques  and d i s t i n c t  s e t s  of  d a t a .  

These two systems and t h e i r  u n c e r t a i n t i e s  a r e  d i s -  
cussed .  The u n c e r t a i n t y  i n  p o s i t i o n  of l u n a r  s u r f a c e  f e a t u r e s  
r e l a t i v e  t o  MSN p o s i t i o n  d e t e r m i n a t i o n  i s  of  i n t e r e s t  a s  one . 

p o s s i b l e  Apollo guidance sof tware  i n p u t .  ,- 

*Sometimes c a l l e d  mean l i b r a t i o n  p o i n t .  
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T h i s  memorandum emphasizes t h e  d i s t i n c t i o n  between 
these  systems ra ther  t h a n  t h e  i n t e r n a l  p r e c i s i o n  o f  e i t h e r .  
Fur thermore ,  i t  emphasizes t h e  p o i n t  o f  view o f  t h e  Apollo 
n a v i g a t o r  r a t h e r  t h a n  t h e  g e o p h y s i c i s t .  

TECHNICAL DISCUSSION 

The Thin S h e l l e d  Moon 

It i s  a u s e f u l  concept t o  c o n s i d e r  t h e  moon as a 
t h i n  s u r f a c e  s h e l l  w i t h  a s e p a r a t e  c o r e  i n s i d e  t h e  s h e l l  
and r i g i d l y  a t t a c h e d  t o  t h e  s h e l l .  

I n  t h e  concept  t h e  s h e l l  i s  i n f i n i t e l y  t h i n ,  i n f i n -  
The  s h e l l  has a complex shape;  i t e l y  s t r o n g ,  and o f  no mass. 

t h a t  o f  t h e  t r u e  l u n a r  s u r f a c e .  It i s  n o t  q u i t e  s p h e r i c a l  and 
c a r r i e s  t h e  mare, t h e  h igh lands ,  and t h e  c r a t e r s  ( F i g u r e  1) .  
The p o s i t i o n  of  t h e  s h e l l  i n  space  i s  d e f i n e d  i n  r e l a t i o n  t o  
t h e  c e n t e r  o f  t h e  moon. The  a x i s  of  r o t a t i o n  of  t h e  moon 
(and  t h u s  t h e  moon's e q u a t o r )  and t h e  mean sub-ear th  p o i n t  are  
used  t o  d e f i n e  i t s  c o o r d i n a t e s .  Only v i s u a l  da ta  can b e  
p r o c e s s e d  i n  d e f i n i n g  t h e  p o s i t i o n  o f  any s u r f a c e  f e a t u r e .  

The c o r e ,  r i g i d l y  a t t a c h e d  t o  t h e  s h e l l ,  g e n e r a t e s  
by i t s  complex mass d i s t r i b u t i o n  t h e  g r a v i t y  f i e l d  of' t h e  moon 
( F i g u r e  2 )  u s u a l l y  desc r ibed  by a s e r i e s  of terms d e f i n i n g  t h e  
l u n a r  g r a v i t a t i o n a l  p o t e n t i a l .  

O r b i t i n g  v e h i c l e s ,  such as t h e  Lunar O r b i t e r  and t h e  
Apollo CSM f o l l o w  f r e e  f a l l  p a t h s  determined s o l e l y  by t h e  
g r a v i t y  f i e l d  and completely independent  o f  t h e  s h e l l .  The 
LM must,  however, l and  on t h e  s h e l l ,  and i t  i s  t h e  s h e l l  t h a t  
i s  photographed b y  t h e  Lunar O r b i t e r  and by ea r th -based  t e l e -  
s copes .  

I n  o r d e r  t o  d e s c r i b e  p o s i t i o n s  on and n e a r  t h e  moon, 
man h a s  imposed a c o o r d i n a t e  g r i d  system ( F i g u r e  3 ) .  The 
pr imary  d e f i n i t i o n  of  t h i s  c o o r d i n a t e  s y s t e m  i s  p r e c i s e ;  un- 
f o r t u n a t e l y ,  our a b i l i t y  t o  de te rmine  t h e  p o s i t i o n  o f  a l u n a r  
f e a t u r e  or a s p a c e c r a f t  i n  t h i s  s y s t e m  i s  l i m i t e d .  I n  a p p l y -  
i n g  two n e a r l y  independent  t echn iques  ( t e l e s c o p i c  photography 
and radar t r a c k i n g ) ,  two secondary c o o r d i n a t e  s y s t e m s  have 
been g e n e r a t e d  which a re  based on d i s t i n c t  s e t s  of da t a .  

Our f i r s t  oppor tun i ty  t o  compare measurements i n  
t hese  c o o r d i n a t e  s y s t e m s  has come w i t h  unmanned v e h i c l e s  i n -  
c l u d i n g  t h e  Ranger and t h e  Lunar O r b i t e r .  Our most c r i t i c a l  
requi rement  t o  remove d i f f e r e n c e s  between t h e  s y s t e m s  ( a t  one 
t i m e  and i n  one p l a c e )  w i l l  come w i t h  t h e  f i r s t  Apollo l a n d i n g .  



BELLCOMM, I N C .  - 3 -  

Because much of  our h i s t o r i c a l  l i t e r a t u r e  conce rn ing  
g r a v i t a t i o n  p o t e n t i a l  h a s  d i s c u s s e d  t h e  e a r t h ,  n o t  t h e  moon, 
i t  i s  n e c e s s a r y  to r ecogn ize  t h e  d i f f e r e n t  c o n d i t i o n s  o f  t h e  
moon and t h e  u n s u i t a b i l i t y  of r e f e r r i n g  to it as i f  i t s  s u r f a c e  
cou ld  b e  assumed to r e p r e s e n t  t h e  shape of  t h e  g r a v i t a t i o n  
p o t e n t i a l .  Unl ike t h e  e a r t h ,  there  i s  no l i q u i d  p r o v i d i n g  an  
e q u i - p o t e n t i a l  s u r f a c e  that  dominates  t h e  moon's s u r f a c e .  T h i s  
does  n o t  n e c e s s a r i l y  mean t h a t  some r e l a t i o n s h i p  between t h e  
s u r f a c e  and t h e  g r a v i t a t i o n  p o t e n t i a l  does n o t  e x i s t .  The 
n e a r  s p h e r i c a l  shape o f  t h e  mare may r e p r e s e n t  an ad jus tment  o f  
t h e  mare material  to t h e  l u n a r  g r a v i t a t i o n a l  p o t e n t i a l  ( F i g u r e  4 ) ,  
whether t h e y  do or no t  i s  of i n t e r e s t  f o r  geophys ica l  i n f e r e n c e .  
Such a n a l y s i s  need no t  precede e a r l y  Apollo l a n d i n g s ,  bu t  an 
u n d e r s t a n d i n g  of l a n d i n g  s i t e  p o s i t i o n  must precede  t h e  l a n d i n g s .  

P r e f l i g h t  Su r face  Data f o r  Apollo Naviga t ion  

It i s  c l e a r  t h a t  there  are a t  p r e s e n t  a t  l e a s t  two 
s o u r c e s  o f  da ta  on l u n a r  s u r f a c e  f e a t u r e  p o s i t i o n :  ea r th  based 
t e l e s c o p e s  as p r e s e n t e d  i n  A C I C  1:500,000 c h a r t s  and Lunar O r b i t e r  
photographs  whose p o s i t i o n  i s  de te rmined  by D S N  t r a c k i n g  data .  

It i s  a l s o  c l e a r  t ha t  t h e r e  i s  a need to have j u s t  
one s t a t e m e n t  o f  p r e f l i g h t  l u n a r  s u r f a c e  l a n d i n g  s i t e  p o s i t i o n  
da t a  (and a s s o c i a t e d  p o s i t i o n  u n c e r t a i n t y ) .  (Note here  t h a t  w e  a r e  
assuming a s e l e c t e d  Apollo n a v i g a t i o n a l  mode, e . g . ,  MSN; it  i s  
conce ivab le  t h a t  a second d i f f e r e n t  s t a t emen t  o f  p o s i t i o n  could  
be p r e p a r e d  f o r  a second independent  mode). 

T h e r e f o r e ,  s t a r t i n g  w i t h  a t  l e a s t  two s e t s  o f  da ta  it 
i s  n e c e s s a r y  to e i t h e r :  

(1) Combine t h e  two s e t s  of  d a t a  b y  a p p r o p r i a t e  
p r o c e s s i n g  t e c h n i q u e s ;  or 

( 2 )  Re jec t  a l l  b u t  one s e t  o f  da ta  ( e . g . ,  j u s t  
use  D S N  - Lunar O r b i t e r  d a t a ) .  

E i t h e r  of  these  r e q u i r e s  an  unde r s t and ing  o f  t h e  
data s o u r c e s  and t h e i r  u n c e r t a i n t i e s .  

I n - F l i g h t  Data f o r  Apollo Naviga t ion  

I n i t i a l  d e t e r m i n a t i o n s  o f  t h e  CSM p o s i t i o n  w i l l  be  
by MSN t r a c k i n g  i n  t h e  primary mode. T h i s  w i l l  v i e l d  a s t a t e  
v e c t o r  d e t e r m i n a t i o n  and t r a j e c t o r y  p r e d i c t i o n  to some epoch 
i n  a pu re  MSN s y s t e m .  The p r e f l i g h t  l a n d i n g  s i t e  c o o r d i n a t e s  
w i l l  be used  t o  de te rmine  t h e  LM d e s c e n t  guidance a i m  p o i n t .  
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The p o s s i b l e  e r r o r s  i n  p r e f l i g h t  e s t i m a t e s  of t h e  
l a t i t u d e ,  l o n g i t u d e ,  and a l t i t u d e  of t h e  l a n d i n g  s i t e  r e l a t i v e  
to t h e  MSN c o o r d i n a t e  system w i l l  i n f l u e n c e  t h e  u n c e r t a i n t y  
i n  LM aim c a p a b i l i t y .  A growing awareness  of t h i s  e f f e c t  h a s  
r e s u l t e d  i n  a r e c e n t  dec i s ton*  to s i g h t  on a s i g h t i n g  mark 
n e a r  t h e  l a n d i n g  s i t e  u s i n g  t h e  CSM guidance o p t i c s  wh i l e  i n  t h e  
pr imary  guidance  mode. I f  t h e  s i g h t i n g  d a t a  i s  s u i t a b l y  p rocessed ,  
i t  can  be used i n  r e a l  t ime to r e l a t e  t h e  CSM t r a j e c t o r y  t o  t h e  
l a n d i n g  s i t e  ( F i g u r e  5 ) .  

The s t u d y  which de te rmines  the  method of combining t h e  
s i g h t i n g  d a t a  w i t h  p r e f l i g h t  and MSN d a t a  must c o n s i d e r  t h e  
e s t i m a t e d  r e l a t i v e  u n c e r t a i n t i e s  i n  t h e  MSN d a t a ,  p r e f l i g h t  
l a n d i n g  s i t e  d a t a ,  and t h e  r e a l  t ime on board o p t i c a l  s i g h t i n g  
d a t a .  

The back-up n a v i g a t i o n  system, u s i n g  s e v e r a l  l u n a r  
s i g h t i n g  marks, i n t r o d u c e s  a d d i t i o n a l  c o o r d i n a t e  u n c e r t a  i n t y  
problems.  

U n c e r t a i n t i e s  Between Coordinate  Systems 

U n t i l  r e c e n t l y ,  t he  method of d e r i v i n g  l u n a r  f e a t u r e  
p o s i t i o n  d a t a  had t o  use ea r th -based  s t e r e o s c o p i c  photography.  
S e v e r a l  map c o n t r o l  g r i d s  have been d e r i v e d  from such d a t a  by 
A C I C  and A M s .  A d i s c u s s i o n  of t h e  geometr ic  r e l a t i o n s h i p  
between t h e  A C I C  c o n t r o l  g r i d  and t h e  A M S  c o n t r o l  g r i d  i s  
provided  i n  Reference 1. 

The accuracy  of the  e a r t h  based t e l e s c o p i c  system i s  
l i m i t e d  by viewing through the  e a r t h  atmosphere and by t h e  poor  
( s m a l l  a n g l e )  s t e r e o s c o p i c  c o n d i t i o n s ,  which a r e  based s o l e l y  
on l u n a r  l i b r a t i o n s .  Kopal i n  Reference 2 s u g g e s t s  t h a t  t h e  
viewing l i m i t  i s  .25 s e e  of  a r c  or 506 me te r s  on t h e  l u n a r  s u r -  
f a c e .  He e s t i m a t e s  t h a t ,  The d e f i c i e n c i e s  i n h e r e n t  i n  t h e  
p r e s e n t  system of se l enograph ic  c o o r d i n a t e s  ... a r e  probably  
d i s p l a c i n g  whole l u n a r  r eg ions  by s e v e r a l  k i l o m e t e r s  r e l a t i v e  

11 

f - \  
1 1  ( 2 )  t o  o t h e r s ; .  .. 

U n c e r t a i n t i e s  of p o s i t i o n  of  a l a n d i n g  s i t e  must 
i n c l u d e  t h e  u n c e r t a i n t i e s  i n  p r e f l i g h t  s e l e n o g r a p h i c  c o o r d i n a t e s  
i f  t h e s e  a r e  used to d e f i n e  t h e  p o s i t i o n  of  t h e  l a n d i n g  s i t e .  

Independent  u se  of t h e  MSN to r e l a t e  t h e  LM t o  such a 
l a n d i n g  t.,lgdlcj, t h e p e f s r e ,  i n t r o d u c e  * ~ ~ C e i ~ t ~ L i - ~ t l e s  of s e v e p a i  
k i l o m e t e r s  i n  LM aim CEP i f  K o p a l ' s  comments a r e  conf i rmed.  

A p r e l i m i n a r y  e v a l u a t i o n  of v a r i o u s  s o u r c e s  of  d a t a  
i m p l i e s  t h a t  u n c e r t a i n t i e s  of s e v e r a l  k i l o m e t e r s  e x i s t .  

*ASSB meet ing on March 2 9 ,  1967 
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Ranger P o s i t i o n  U n c e r t a i n t i e s  

The Ranger s p a c e c r a f t  mi s s ions  V I ,  V I I ,  V I I I ,  and 
I X  p r o v i d e  f u r t h e r  i n d i c a t i o n s  of  u n c e r t a i n t i e s  between t h e  
t r a c k i n g  n e t  c o o r d i n a t e  system and t h e  s e l e n o g r a p h i c  c o o r d i n a t e  
system based on ear th-based t e l e s c o p i c  da ta .  A l l  f o u r  p r o v i d e  
data  p e r t i n e n t  to r a d i a l  measurements: Rangers V I I ,  V I 1 1  and 
I X  p rov ide  data  p e r t i n e n t  t o  t a n g e n t i a l  p o s i t i o n  u n c e r t a i n t i e s .  

Radia l  U n c e r t a i n t i e s  

Rangers V I  through I X  impacted l a t e r  t h a n  expec ted  
by about  1 (one )  second (References  3 & 4 ) .  A t  an  impact 
v e l o c i t y  of 2 km/second r a d i a l l y  ( t h e  s p a c e c r a f t  d i d  no t  i m -  
p a c t  r a d i a l l y  bu t  w e  are  concerned here  w i t h  t h e  v e l o c i t y  v e c t o r  
i n  t h e  r a d i a l  d i r e c t i o n )  t h i s  cor responds  t o  a r a d i a l  e r r o r  o f  
2 k m .  

It i s  necessa ry  t o  check t h a t  t h i s  was no t  s imply 
due t o  t h e  s p a c e c r a f t  h i t t i n g  a deep d e p r e s s i o n .  T h i s  i s  con- 
f i r m e d  by t h e  photographs o f  t h e  l a s t  3 Rangers and by an 
examinat ion  o f  t h e  apparent  e l e v a t i o n  d i s t a n c e s  i n  t h e  Ranger 
V I  impact a r e a .  

1 s e e  o r  2 km r a d i a l l y .  It may be t h a t  t h i s  i s  due t o  some 
b i a s  i n  t h e  D S N  t r a c k i n g  n e t .  However, t h e  removal o f  such 
a bias  s imply by s u b t r a c t i o n  l e a v e s  undetermined whether  such 
a r a d i a l  e r r o r  w i l l  e x i s t  for l a t e r  m i s s i o n s ,  p a r t i c u l a r l y  
t h o s e  based on a d i f f e r e n t  n e t ,  i . e . ,  t h e  MSN. 

It i s  c l e a r  t h e n  t h a t  an u n c e r t a i n t y  e x i s t s  of about  

T a n g e n t i a l  U n c e r t a i n t i e s  

The A C I C  maps made from Ranger V I I ,  V I 1 1  and I X  
da t a  de te rmine  t h e  impact p o i n t  s o l e l y  from photographs of t h e  
l u n a r  s u r f a c e .  The i n t e r s e c t i o n  o f  t h e  camera c e n t e r  t r a c k s  
p rov ide  a s e l e n o g r a p h i c  d a t a  p o i n t  based d i r e c t l y  on t h e  l u n a r  
s u r f a c e  f e a t u r e s .  

When these  p o i n t s  are measured i n  t h e  A C I C  s e l eno-  
g r a p h i c  c o o r d i n a t e  s y s t e m ,  t h e  f o l l o w i n g  c o o r d i n a t e s  are  
o b t a i n e d .  

Ranger V I 1  200  35T1811 w 10' 37 '50"  S from (RLC-4)  

Ranger I X  2' 2 2 ? 1 4 " W  12 '  4gr56"  S from (RLC-17)  
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When these same impact p o i n t s  are measured i n  t h e  s e l e n o c e n t r i c  
c o o r d i n a t e  sys tem based  on DSIF radar d a t a ,  t h e  f o l l o w i n g  
c o o r d i n a t e s  a r e  o b t a i n e d :  

Ranger V I 1  20" 40' 48" W 10" 4O1 48" s Ref. 3 
Ranger V I 1 1  24" 48' 36" E 2' 42' 36" N R e f .  4 

Ranger I X  2" 22' 48" w 12" 541 36" s Ref.  4 
Giving the  fo l lowing  t a n g e n t i a l  e r r o r s :  

Ranger V I 1  0' 05' 30" (2.5 km) E-W, 0" 03' 02" (1.5 k m )  N - S  

Ranger V I 1 1  0' 061 36" (5.5 km) E-W, 0' 03' 36" (3 km) N-S 

Ranger I X  0' 00'  34" (.3 km) E-W, 0' 05' 40" (3 km) N - S  

It i s  p o s s i b l e  t o  a d j u s t  t h e  rad ia l  e r r o r  such that 
t h e  minimum t a n g e n t i a l  e r r o r  r e s u l t s .  However, t h e  t a n g e n t i a l  
improvement i s  not  g r e a t  and it  is  unreasonab le  t o  a l low t h e  
r a d i a l  ad jus tment  t o  be independent from one mis s ion  t o  t h e  
n e x t .  

The t a n g e n t i a l  errors between c o o r d i n a t e s  a r e  t h e r e -  
foye  i n d i c a t e d  t o  be of  t h e  o r d e r  of a few k i l o m e t e r s .  

Another independent  check on u n c e r t a i n t i e s  

The Russ ians  have p u b l i s h e d  a map of l u n a r  s u r f a c e  
f e a t u r e s  i n  t h e  v i c i n i t y  of t h e  Luna I X  l a n d i n g ,  showing t h e  
touchdown p o i n t  a t  64" 22' W and 7" 8 '  N, based on t h e i r  
l a t i t u d e / l o n g i t u d e  gr id*.  When t h e  f e a t u r e s  a r e  matched t o  
t h e  co r re spond ing  A C I C  c h a r t ,  t h e  c o o r d i n a t e s  of t h e  l a n d i n g  
p o i n t  a r e  64" 32' W ,  6" 58' N, i n  A C I C  c o o r d i n a t e s .  An error  
of 10' or; 5 km b o t h  no r th - sou th  and e a s t - w e s t  e x i s t s .  

[Note:  The r e l a t i o n s h i p  t o  t r a c k i n g  i s  not  involved  
here .  The p o s i t i o n  of Luna I X  i s  on ly  i n c i -  
d e n t a l  t o  t h e  d i s c u s s i o n  here.]  

Such a d i f f e r e n c e  i s  a n o t h e r  measure of  t h e  unce r -  
t a i n t i e s  i n h e r e n t  i n  any se l enograph ic  c o o r d i n a t e  system based 
on t e l e s c o p i c  c o n t r o l .  

*PRAVDA, February ,  1966 
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USE OF LUNAR ORBITER PHOTOGRAPHY 

A p r e l i m i n a r y  a n a l y s i s  o f  Lunar O r b i t e r  I T  photography 
i n d i c a t e s  t h a t  Apollo cand ida te  l a n d i n g  s i t e s  may have p o s i -  
t i o n a l  u n c e r t a i n t i e s  o f  t h e  o r d e r  of 3 km when compared t o  
A C I C  1:500,000 maps (Reference 10). T h i s  adds s u b s t a n t i a t i o n  
t o  an estimate of  u n c e r t a i n t i e s  of a few k i l o m e t e r s  i n  maps 
d e r i v e d  from ear th  based t e l e s c o p i c  data. However a d i r e c t  
use of t h e  Lunar O r b i t e r  t o  d e f i n e  l u n a r  s u r f a c e  f e a t u r e s  may 
produce less u n c e r t a i n t i e s  r e l a t i v e  t o  t h e  MSN. 

The o r b i t  of  a Lunar O r b i t e r  has one of  i t s  f o c i  a t  
t h e  c e n t e r  o f  mass of t h e  moon. I t s  o r b i t  i s  s o l e l y  dependent  
upon t h e  g r a v i t a t i o n a l  f i e l d .  The o r b i t  of  t h e  Lunar O r b i t e r  i s  
de termined  by t h e  ea r th -based  radar t r a c k i n g .  O r b i t  d e t e r m i n a t i o n  
i s  achieved  by f i t t i n g  t h e  radar d o p p l e r  r ange  ra te  data t o  an  
e l l i p t i c  o r b i t  tha t  has as i t s  f o c u s  t h e  appa ren t  c e n t e r  of  mass 
o f  t h e  moon. (The program that p r o c e s s e s  t h e  data can accommodate 
p e r t u r b a t i o n  terms.) The Lunar O r b i t e r  takes p i c t u r e s  o f  t h e  
s u r f a c e  and from data conta ined  i n  t h e  photographs t h e  l u n a r  
s u r f a c e  can be re la ted t o  t h e  p o s i t i o n  of t h e  s p a c e c r a f t  a t  t h e  
t i m e  o f  photography.  The p o s i t i o n  of  t h e  s p a c e c r a f t  a t  t h e  t i m e  
i s  o b t a i n a b l e  from t r a c k i n g  data on t h e  Lunar  O r b i t e r .  

By t h i s  method t h e  l a n d i n g  s i t e  and any n a v i g a t i o n a l  
s i g h t i n g  marks can be p o s i t i o n e d  r e l a t i v e  t o  t h e  appa ren t  
c e n t e r  of t h e  moon and t h u s  t o  t h e  DSN s e l e n o c e n t r i c  c o o r d i n a t e  
s y s t e m ,  t i e d  t o  t h e  NASA g e o d e t i c  n e t .  

The CSM's p o s i t i o n  when i t  r e a c h e s  l u n a r  o r b i t  i s  
t r a c k e d  by ea r th -based  radars t i e d  t o  t h i s  same N A S A  g e o d e t i c  n e t ,  
bu t  p r i m a r l y  th rough MSN s t a t i o n s .  P o s i t i o n a l  u n c e r t a i n t i e s  
i nvo lved  i n  each  o r b i t  de t e rmina t ion  procedure  may e x i s t  (Ref .  
7 ,  8 & 9 1 ,  b u t  these may not  need t o  b e  added because appre- 
c i a b l e  c o r r e l a t i o n  w i l l  e x i s t .  It i s  p o s s i b l e  t h a t  t h i s  
c o r r e l a t i o n  would reduce  t h e  q n c e r t a i n t y  due t o  biases and n o i s e  
t o  a few hundred me te r s .  

Consider  t h e  h y p o t h e t i c a l  ca se  where the  Lunar O r b i t e r  
has no u n c e r t a i n t i e s  i n  s u r f a c e  p o s i t i o n  d e t e r m i n a t i o n  o t h e r  
t h a n  t h o s e  due t o  u n c e r t a i n t i e s  i n  DSN t r a c k i n g .  Then i n  
de t e rmin ing  p o s i t i o n  of a s u r f a c e  f e a t u r e  r e l a t i v e  t o  MSN f o r  
Apollo,  one need only  cons ide r  u n c e r t a i n t i e s  between t h e  n e t s .  
S i n c e  MSN and DSN s imul taneous ly  t r a c k  t h e  Lunar O r b i t e r  a t  
c e r t a i n  t imes ,  t h e  u n c o r r e l a t e d  biases can be  removed f o r  t h o s e  
epochs.  
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However, c e r t a i n  u n c e r t a i n t i e s  do remain.  The r e l a t i o n -  
s h i p  between t h e  p o s i t i o n  of t h e  Lunar O r b i t e r  and t h e  l a n d i n g  
s i t e  i n  i t s  photographs  i n c l u d e s  u n c e r t a i n t i e s  of a few hundred 
r a the r  t h a n  a few thousand meters. T h i s ,  t o g e t h e r  w i t h  t h e  
time-dependence and c o r r e l a t e d  u n c e r t a i n t i e s  between t h e  MSN 
and DSN p o s i t i o n  d e t e r m i n a t i o n  may produce a t o t a l  r e l a t i v e  
u n c e r t a i n t y  of t h e  o r d e r  of 1 km. 

C O N C L U S I O N S  AND RECOMMENDATIONS 

S e v e r a l  c o o r d i n a t e  s y s t e m s  are invo lved  i n  Apollo 
n a v i g a t i o n  t o  a l u n a r  s u r f a c e  f e a t u r e  d e f i n e d  l a n d i n g  s i t e .  
Some of t h e  u n c e r t a i n t i e s  involved  are s i g n i f i c a n t .  

The r e l a t i v e  u n c e r t a i n t y  of l u n a r  s u r f a c e  f e a t u r e s  
r e l a t i v e  t o  MSN p o s i t i o n  d e t e r m i n a t i o n  i s  d i f f i c u l t  t o  de te r -  
mine, y e t  i s  needed by Apollo n a v i g a t i o n .  T h i s  s i t u a t i o n  
r e q u i r e s  tha t  con t inuous  e f f o r t  be ma in ta ined  toward t h e  g o a l  
of  r e a c h i n g  at  leas t  a n  unde r s t and ing  of t h e  n a t u r e  of  problems 
and an e s t i m a t i o n  of  t h e  
estimates w i l l  i n f l u e n c e  
de te rmin ing  t h e  t y p e s  of 
we igh t ing  f a c t o r s .  

A t  t h e  p r e s e n t  

magnitude of t h e  u n c e r t a i n t i e s .  These 
Apollo n a v i g a t i o n  and guidance by 
l o c a t i o n  data used  and t h e i r  r e l a t i v e  

time. i t  amears  t h a t  t h e  method of 
d e f i n i n g  t h e  c o - o r d i n a t e s  of i p o l l o -  Landing s i t e s  should  de- 
pend h e a v i l y  on data f r o m  Lunar O r b i t e r  and t h e  DSN n e t .  

1012-DDL 

Attachments:  
R e f  e r e  nc e s 
F i g u r e s  1-5 
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FIGURE I ACTUAL SURFACE-OUTER SHELL 



LINES OF 

FIGURE 2 ACTUAL MASS REPRESENTED AS INNER CORE 



FIGURE 3 MAN MADE COORDINATE GRID 



PRIOR TO IMPACT 

POST IMPACT - EARLY 

POST IMPACT - ADJUSTED BY GRAVITATION POTENTIAL 

F I GURE 4 MARE ADJUSTMENT TOWARDS EQUAL POTENT I AL SURFACE 
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